Light activation of NADP-linked glyceraldehyde-3-P dehydrogenase (EC 1.2.1.13) and light inactivation of glucose-6-P dehydrogenase (EC 1.1.1.49) appear to be modulated within pea leaf chloroplasts by mediators which are reduced by photosynthetic electron flow from the photosystem I reaction center. Dichlorophenyl-1,1-dimethylurea inhibition of this modulation can be completely reversed by ascorbate plus 2,6-dichlorophenolindophenol in broken chloroplasts, but not in intact chloroplasts. Intact chloroplasts are Impermeable to 2,6-dichlorophenolndophenol at pH 7.5. Studies on the effect of light in reconstituted chloroplasts with photosystem I-enriched particles in the place of whole thylakoids revealed that photosystem I participates in the light modulation of NADP-linked glyceraldehyde-3-P dehydrogenase and of glucose--P dehydrogenase.
Several soluble chloroplastic Calvin-Benson cycle enzymes, including glyceraldehyde-3-P dehydrogenase, have been reported to be activated by light (1) . Glucose-6-P dehydrogenase and three enzymes of starch catabolism, on the contrary, are light-inactivated (1, 3, 4) . It has been demonstrated that the effect of the light on enzyme activities requires the mediation of the electron transport system in thylakoids (2, 20) . Buchanan et al. (7) and Anderson and Avron (2) reported separate results and concluded independently that the light modulation of enzyme activities involves a reductive process in which photosynthetic electron flow is required. Anderson and Avron (2) also reported that vicinal dithiol factors attached to the thylakoid membranes were responsible for the light modulation of enzyme activities. These LEM3 were shown to be located on the reducing side of PSI before and at the level of, or after, ferredoxin (2) . Hatch (10) reported that NADPlinked malate dehydrogenase activity in Zea mays chloroplasts also is regulated by the redox state of an intermediate in the electron transport system. However the DCMU inhibition of light activation in his experiments was insensitive to ascorbate, DCPIP, and methylviologen and he concluded that the electron flow from PSII reaction center to Cyt f was involved in the activation of NADP-malate dehydrogenase.
We investigated the controversial question of the location of the thylakoid-membrane-bound LEM with respect to the electron transport chain in chloroplasts. Two different soluble stromal enzymes, NADP-linked glyceraldehyde-3-P dehydrogenase and glucose-6-P dehydrogenase, were studied. The former enzyme is 'This work was supported by DOE Contract 78-S-62 4961 (to L. E. A.).
'To whom reprint requests should be addressed. 3Abbreviation: LEM, light effect mediators; DCPIP, 2,6-dichlorophenolindophenol.
known to be light-activated and the latter is light-inactivated (1) . We report here that DCMU inhibition of light modulation of these enzyme activities is totally reversed by ascorbate plus DCPIP in broken chloroplasts but not in intact chloroplasts. Reduced DCPIP is an electron donor to the PSI reaction center (6, 17) . The reversal of DCMU inhibition of light modulation by DCPIP is consistent with the PSI reaction center being the part of the electron transport chain involved in the light modulation of the enzyme activities studied here. Furthermore, we found light modulation of these two enzyme activities with PSI particles. This is consistent with the PSI reaction center or the reducing side of this system being the location of the LEM modulating both enzyme activities.
MATERIALS AND METHODS
Preparation of Chloroplasts. Chloroplasts were prepared from 9-to 11-day-old pea (Pisum sativum L., var. Little Marvel) plants (16) using the method of Cockburn et aL (9) with some modifications. The grinding medium contained 4 mM D-isoascorbate. After the second centrifugation in the resuspending medium, the pellet of chloroplasts was resuspended in the noncationic medium of Nakatani and Barber (15) , containing 350 mm sorbitol, and centrifuged for 20 s at 2000 g.
For the preparation of broken chloroplasts, the above pellet from the noncationic medium was resuspended in hypotonic 50 mM Hepes (K+), 10 mm KCI, 2 mm MgCI2, 1 mm EDTA(Na+) (pH 7.5). No membrane-bound glucose-6-P dehydrogenase or NADP-linked glyceraldehyde-3-P dehydrogenase will be found in this buffer or when this buffer is diluted 10-fold, as was the case before enzyme assay in these experiments.
Preparation of PSI-enriched Particles. The pellet of broken chloroplasts prepared as described above was incubated with Triton X-100 and PSI-particles were separated by differential centrifugation using a Beckman model L2-75B ultracentrifuge according to the method of Vernon et al. (18) . The pelleted particles were stored at -20 C.
Illumination of Chloroplasts. When intact chloroplasts were to be irradiated, the pellet of nonshocked chloroplasts was resuspended directly in the 10 ml reaction mixture (see the legend to Fig. 3 ) and then homogenized gently with a glass rod. The per cent of intact chloroplasts was estimated at the beginning and at the end of the irradiation. For experiments with broken chloroplasts, the irradiation took place in 10 ml containing the reagents in the hypotonic medium described above and sorbitol was added to a final concentration of 350 mm (Fig. 1) . The irradiation took place in a vertical test tube as described previously (14), at 25 C.
The light intensity was 5500 ft-c provided by two General Electric 120-v, 150-w reflector flood lamps. At indicated times, 1-ml samples were removed from the reaction mixture, diluted 10-fold with ice-cold water, and then centrifuged for 5 min at 27,000g immediately.
Experiments with PSI-enricbed Particles. The pellets of Triton X-100 chloroplast subfragments were thawed before use by resuspension in the hypotonic medium described above made 250 mm in sucrose. Whole thylakoids were omitted in these experiments (Fig. 6 ).
DCPIP-dependent 02 Evolution in Intact Chloroplasts. Oxidized DCPIP can be reduced by electrons from the electron transport chain in thylakoids (6, 17) . During this process, the 02 evolved is proportional to the amount of DCPIP reduced (17 (11) .
Enzyme Assays. Enzyme activity was measured in triplicate assays. The activity in the centrifuged chloroplastic extract was followed spectrophotometrically using a Gilford 2400 or a Cary 219 spectrophotometer. The assay was run at room temperature (about 20 C). NADP-linked glyceraldehyde-3-P dehydrogenase was assayed by the method of Wu and Racker (19); glucose-6-P dehydrogenase was assayed as described by Muto and Uritani (13) .
Determination of Chi Content. Total Chl was determined according to the method ofBruinsma (8) . Chl a and b were estimated according to Arnon (5) .
Estimation of Protein. Protein was determined by the biuret method (2, 12) .
Reagents. Biochemicals were purchased from Sigma. Other chemicals were analytical reagent or the highest commercially available grade. DCMU was a gift from Dr. M. Gassman. Pea seeds were obtained from Northrup and King, Chicago.
RESULTS

Reversal of DCMU Inhibition of Light Modulation in Broken
Chloroplasts. When broken chloroplast preparations were irradiated in the presence of DCMU, no substantial change in the activity of NADP-linked glyceraldehyde-3-P dehydrogenase occurred during the first 6 min (Fig. 1 ). In the control without DCMU, the enzyme activity increased during the first 2 min irradiation and then reached an asymptotic value at 175% of the dark control. The addition of ascorbate-reduced DCPIP to broken chloroplast preparations pretreated with DCMU totally reversed the inhibition of activation (Fig. 1) .
The light inactivation of glucose-6-P dehydrogenase was assayed in a duplicate experiment. Figure 2 shows that, in broken chloroplast preparations, the enzyme was inactivated by light, 50% of the activity of the enzyme in the dark was lost after 5 mi irradiation. The addition of DCMU blocked the effect of the light on the enzyme activity (Fig. 2 ) and the addition ofreduced DCPIP reversed this inhibition, allowing light inactivation to proceed.
Lack of Reversal of DCMU Inhibitin of Light Modulation by DCPIP in Intact Chloroplasts. In these experiments, both intact and broken chloroplasts were irradiated in media containing ascorbate-reduced DCPIP and DCMU. The activity of NADPlinked glyceraldehyde-3-P dehydrogenase following irradiation of broken chloroplasts increased to 165% of dark control activity, whereas, in experiments with intact chloroplasts, no significant increase in activity could be observed (Fig. 3) . Similar results were obtained for light inactivation of glucose-6-P dehydrogenase. Our results are consistent with those of Hatch (10) Choroplasts to DCPIP. We have shown that ascorbate-reduced DCPIP could reverse the DCMU inhibition of light modulation of the activities of NADP-linked glyceraldehyde-3-P dehydrogenase and of glucose-6-P dehydrogenase in broken chloroplasts, but not in intact chloroplasts (Figs. 1-3) . We suggest that this difference is due to the absence of permeability of intact chloroplasts to DCPIP. To test this hypothesis, chloroplast preparations containing a known percentage of intact plastids retaining their outer envelopes were irradiated in isotonic medium and 02 evolution was measured. Figure 4 shows that the rate of DCPIP-dependent 02 evolution in pea chloroplasts was inversely proportional to the per cent of intact chloroplasts in the suspension. The capability of chloroplasts to reduce DCPIP then is correlated to the absence of integrity ofthe outer envelope. We assume that DCPIP can reverse DCMU inhibition oflight modulation ofthe two enzyme activities studied here, provided it reaches the thylakoids.
Light Modulation of Enzyme Activities In Reconstituted Chloroplasts Conta PSI-enriched Particles. We have demonstrated that DCPIP can reverse the DCMU inhibition of light modulation of two soluble stromal enzyme activities. As reduced DCPIP is an electron donor to the PSI reaction center (6, 17) , we can assume that light modulation of these two enzymes involves PSI. To confirm this assumption, we investigated the effect of irradiation on these enzyme activities in systems containing stromal extract and PSI particles. In Figure 5 , the change occurring in the activity ofNADP-linked glyceraldehyde-3-P dehydrogenase following irradiation of the reconstituted system is presented. Clearly, in experiments with PSI-enriched particles, the enzyme activity was light-enhanced, as an increase of 160% in activity was observed.
Similar results were obtained for light inactivation of glucose-6- P dehydrogenase. These experiments give evidence that the reducing side of PSI is the essential and exclusive part ofthe electron transport chain involved in the light modulation of glucose-6-P dehydrogenase and of glyceraldehyde-3-P dehydrogenase activity in chloroplasts.
DISCUSSION
The DCMU inhibition of light modulation of the activities of NADP-linked glyceraldehyde-3-P dehydrogenase and glucose-6-P dehydrogenase is reported here to be totally reversed by ascorbate plus DCPIP. Reduced DCPIP is known to give electrons to the photosynthetic electron transport system after plastoquinone Plant Physiol. Vol. 67, 1981 and near plastocyanin (6, 17) . We assume, therefore, that light modulation of these two enzyme activities requires electron flow from the PSI reaction center. Our results clarify the apparent contradiction that ascorbate-reduced DCPIP does not reverse the DCMU inhibition of light modulation in intact chloroplasts (see Fig. 3 and ref. 10) but reverses this inhibition in broken chloroplasts (Figs. 1-3 ). The failure of ascorbate plus DCPIP to reverse the DCMU inhibition of light modulation of enzyme activity is apparently due to the absence of permeability of the chloroplast envelope to DCPIP under our experimental conditions. We further observed that the light modulation of these stromal enzymes occurs with PSI-enriched particles. Our results confirm the inhibitor experiments of Anderson and Avron (2) . Those experiments in conjunction with the ones reported here clearly indicate that the light modulation system for these enzymes interacts with the photosynthetic electron transport chain at some point on the reducing side of PSI.
